Background. The pathogenesis of secondary Raynaud's phenomenon (SRP) associated with connective tissue diseases (CTD) is not entirely understood. Nervous system dysfunction and microangiopathy are considered to be causes of this pathology.
Introduction
Raynaud's phenomenon (RP) occurs as recurrent episodes of the discoloration of fingers and/or toes in the course of reversible vasospasm in response to cold or to emotional stress. 1 Primary Raynaud's phenomenon (PRP) is diagnosed if the symptoms are idiopathic. Secondary Raynaud's phenomenon (SRP) is associated with different underlying diseases. SRP is a characteristic -although not specific -symptom of connective tissue diseases (CTD). SRP can overtake the development of the underlying disease by as much as several years, and, therefore, requires special observation. SRP occurs in 80% of patients with scleroderma, 10-35% of those with systemic lupus erythematosus, and 30% of dermatomyositis patients; it is the 1 st symptom of the disease in about 33% of systemic connective tissue diseases (CTD). [2] [3] [4] [5] [6] Microangiopathy and nervous system dysfunctions are considered to be the causes of SRP in patients with CTD. Clinical symptoms in PRP are only a consequence of vasomotor disturbances without anatomical changes of the microcirculation; thus, in capillaroscopy the correct shape and number of loops arranged in parallel series are seen. SRP in the course of CTD, after periods of vasomotor disturbances of varying length, appears as organic microvascular changes, which lead to skin ulceration and/or necrosis of the fingers. Microangiopathy observed in nailfold capillaroscopy is a harbinger of digital necrosis and ulcers. 3 The Maricq's et al. classification assesses the degree of microvascular damage, including morphological evaluation of the loops and their environment, and can be used in predicting the severity of vascular lesions. 6 Peripheral nerve damage is observed in the course of CTD. The presence of specific antibodies, the deposition of immune complexes in peripheral nerves, and ischemic nerve injury secondary to vasculitis (vasa perineurium and vasa nervorum) are thought to be the main causes of neuropathy. [7] [8] [9] [10] In systemic lupus erythematosus (SLE), nervous system dysfunction is present in 19-38% of cases, and the most common forms are multiple mononeuropathy, subacute or chronic axonal polyneuropathy, predominantly sensory, cranial neuropathy, and autonomic dysfunction. 11 Mixed axonal polyneuropathy, multiple mononeuropathy, cranial neuropathy (nerves V and VIII with sudden bilateral hearing loss, and mild paroxysmal positional vertigo), compression syndromes, and myositis might occur in about 36% of patients with systemic scleroderma. Multiple mononeuropathies are particularly common in CREST syndrome -calcinosis, Raynaud's syndrome, esophageal dysmotility, sclerodactyly, teleangiectasia. 7 Distal sensory neuropathy, carpal tunnel syndrome and other entrapment syndromes, and root syndrome as a result of the destruction of vertebral subluxation of the cervical spine are observed in rheumatoid arthritis. 12 Thus, both microvascular disorder and peripheral nerve changes may influence the occurrence of SRP in patients with CTD.
The aim of our study was to analyze the peripheral nerve and autonomic nervous system function, the stage of microangiopathy and possible relationships between these in patients with Raynaud's phenomenon secondary to CTD.
Material and methods
The studies were approved by the Ethics Committee of Wroclaw Medical University, Poland. All patients gave their informed consent.
We investigated 20 patients (3 men, 17 women; mean age 49.1 ±11.8 years old) with CTD-related SRP, and 30 healthy, age-and sex-matched controls. The following patients were excluded from the study: those with neurological disorders, primarily with neuropathy, compression syndrome (thoracic outlet syndrome, carpal tunnel syndrome), diabetes mellitus, malignancy, with exposure to neurotoxins and pharmacological treatment influencing the vascular and/ or autonomic nervous system, alcohol addiction, tobacco addiction, with limb ischemia (atherosclerosis, thromboangiitis obliterans, Takayasu's arteritis, hammer mild syndrome, vibration disease) and other dermatological abnormalities. To identify patients with these diseases, we analyzed medical histories; detailed neurological, orthopedic, and vascular examinations were performed as well. All patients underwent chest and cervical spine X-rays.
The following laboratory tests were performed on all patients using standard methods: complete blood cell count, erythrocyte sedimentation rate (ESR), rheumatoid factor, serum protein electrophoresis, immunoglobulin assessment, thyroid-stimulating hormone (TSH), anti-neutrophil cytoplasmic antibody tests (ANCA), c-cytoplasmic, p-perinuclear pattern, antinuclear antibody (ANA), Scl-70, SS-A (Ro), SS-B (La) antibody tests, and standard chemical screening.
Neurophysiological tests were performed on all subjects using Viking Select and Viking Quest Nicolet Biomedical devices (Nicolet Biomedical Inc., Madison, USA). Nerve conduction velocity tests (sensory and motor with F-wave estimation) were performed in median (in order to exclude carpal tunnel syndrome), ulnar and peroneal (sural) nerves using standard methods together with conduction velocity distribution (CVD) tests in ulnar and peroneal nerves. In the CVD test, we analyzed motor velocity ranges as the 10 th , 50 th and 90 th percentiles of the velocities. 13 Heart rate variability (HRV) was assessed at rest and during deep breathing. We analyzed R-R interval variability, shown as a percentage, and the expiration/inspiration ratio (E/I), when the subject breathed at a rate of 6 breaths per minute. We used spectral analysis of R-R intervals with an estimation of low-frequency (LF, range between 0.04 Hz and 0.15 Hz) and high-frequency (HF, range between 0.15 Hz and 0.4 Hz) bands together with the LF/HF ratio. The sympathetic skin response (SSR) test was performed using the standard method (electrical stimulation of the right median nerve, recording from the left hand and foot). [14] [15] [16] [17] The subclavian, axillar, brachial, ulnar, and radial arteries were investigated via duplex ultrasound (GE Vivid 7, GE Healthcare, Little Chalfont, Great Britain) using a standard 9 MHZ imaging probe (UST5539). The standard protocol in the laboratory included cross-sectional and longitudinal gray-scale and color Doppler imaging. 18 A nailfold capillaroscopy examination was performed via widefield capillary microscopy using a Nikon SMZ 800 stereomicroscope (Nicon Instruments, Tokyo, Japan). All fingers except the thumbs were examined. Immersion oil was used to improve the transparency of the skin. Capillaries were viewed under 40-fold magnification. Room temperature was between 20 and 22°C.
On the basis of the Maricq's classification, we identified 2 groups depending on the morphological changes in the capillaries (NC group -patients with normal capillaries; DC group -patients with enlarged and/or deformed capillary loops) and 2 groups depending on the presence of avascular areas (AZ group -patients with a reduced number of capillaries or avascular zones; NAZ group -patients without avascular zones and a normal number of capillaries). 6, 19 The statistical analyses were performed using STATIS-TICA v. 5.0 PL (StatSoft, Tulsa, USA). Statistical significance was set at p < 0.05. Differences in baseline demographic and clinical variables were tested for significant differences between groups with ANOVA for continuous variables and Pearson's χ 2 test for categorical variables. The Student's t-test and the Wilcoxon rank-sum test (when parameters were not distributed normally) were used to test for differences in the analyzed parameters between patients with Raynaud's phenomenon vs controls, and patients with microangiopathy vs patients without microangiopathy.
Results
In both groups, most of the patients were women (SRP -85%, controls -83%).
A total of 60% of patients manifested biphasic color changes (white and cyanotic phases without a red phase). The location of RP varied. RP was observed in 4 patients only in the hands.
All upper and lower extremities were the most common locations for RP. Only 15% of the patients presented additional locations of RP (earlobes, tip of the nose, penis).
The exact demographic and clinical characterization, including the etiology of SRP and the severity of microangiopathy, are presented in Table 1 .
Standard neurophysiological test results (motor and sensory conduction in ulnar and peroneal nerves) were normal in all individuals. There were no significant statistical differences in the conduction velocity distribution in the ulnar and peroneal nerves in the group with SRP compared with the control group (Table 2) .
In patients with SRP, a significantly lower SSR amplitude and a longer latency were shown in relation to the control group. Changes were more pronounced in the lower limbs ( Table 3 ). The study showed a complete lack of SSR in upper and lower limbs in 2 patients (1 with scleroderma and 1 with SLE), and lack of SSR in the lower limbs in another 2 patients (1 individual with undifferentiated connective tissue disease and 1 individual with scleroderma). Lack of SSR was found in patients with varying severities of microvascular complications (2 patients without microangiopathy, 2 patients with microangiopathy). SSR showed no relationship with the severity of the microangiopathy (Fig. 1 ). There were no statistical differences in terms of SSR between patients with normal numbers of capillaries compared with the subgroup with avascular zones in capillaroscopy. There were also no differences in SSR results between patients with normal capillaries and individuals with dilatation of capillaries. Statistical analysis showed a significantly lower mean HRV, and higher LF values, LF/HF ratio, and E/I ratio in patients with SRP than in the control group (Table 4 ).
There was no correlation between the stage of microangiopathy and neurophysiological tests (standard conduction velocity, CVD, SSR).
Discussion
This study is a continuation of our previous research on the pathogenesis of primary Raynaud's phenomenon. 15, 20 In the present study, we analyze the role of the peripheral nervous system in patients with SRP in the course of CTD. Typical peripheral nervous system lesions in the course of different connective tissue diseases mainly include axonal, ischemic peripheral nerve damage (distal sensory polyneuropathy, mononeuropathy/multiple mononeuropathy, cranial neuropathy), and myopathy. Therefore, Raynaud's phenomenon in CTD is thought to be secondary to the dysfunction of the peripheral nervous system. It would be interesting to answer the question as to whether patients with SRP without clinical evidence of peripheral neuropathy may have autonomic dysfunction. Previous research into nervous system disorders in the pathogenesis of RP has been performed on patients with PRP, and these studies have shown that the pathogenesis of PRP is multifactorial and includes the sympathetic peripheral nervous system, central neural abnormalities and local defects. 15, [20] [21] [22] Mondelli et al. showed dysregulation of cholinergic sympathetic fibers innervating the fingers in PRP. Abnormal SSR habituation has suggested that the central mechanism should also be considered. 22 According to Charkoudian, the sympathetic nervous system is involved in the pathogenesis of both primary and secondary Raynaud's phenomenon, both in peripheral (local) and central system involvement mechanisms. 23 In the opinion of Kaheleh et al., Raynaud's phenomenon is the result of dysregulated neuroendothelial control of vascular tone and circulating mediators. 24 These mechanisms are suggested as playing a major role in secondary Raynaud's phenomenon due to scleroderma.
In our study, detailed neurological and orthopedic examinations and standard neurophysiological tests, together with CVD and an analysis of different fibers in motor nerves (CVD test) were performed in order to exclude peripheral neuropathy. There were no significant statistical differences in these tests in the ulnar and peroneal nerves in the SRP group compared with the control group. Therefore, we assumed that vasomotor disturbances may occur in CTD regardless of peripheral neuropathy.
Central neural abnormalities are considered a cause of RP. Our study indicated sympathetic hyperactivity and the attenuation of the parasympathetic influence of heart rate. Similar abnormalities have previously been observed in patients with PRP. 15 According to Edwards et al.'s studies, patients with PRP present an abnormality of the central neuronal modulation of the brainstem with impaired habituations of vasodilator and vasoconstriction components of the warning system responsible for emotional stress. 25 The results of our study also suggest that SRP in the course of CTD, and without peripheral neuropathy, could be a consequence of central impairment of neuronal habituation.
In our study, similar to the previous one in PRP patients, we revealed the impairment of sympathetic sweat fibers, which could suggest that small autonomic fibers are damaged. The changes were more evident in lower limbs, which could be explained by their longer nerves, which are more susceptible to any disturbance to regenerative processes. In standard neurographic tests and CVD tests, we did not reveal any changes, so only very small fiber neuropathy (type C and unmyelinated fibers) could be found in SRP patients. The lack of correlation between SSR changes and microangiopathy indicates that SSR dysfunction in patients with SRP occurs regardless of structural changes in the capillaries. Further observations as to whether the SSR can be an independent predictor of skin necrosis must be conducted.
Conclusions
Correct standard conduction velocity and CVD tests in patients with SPR allow for the supposition that vasomotor disturbances may occur in CTD regardless of peripheral neuropathy.
The lack of a relationship between SSR and microangiopathy can confirm that these 2 processes occur independently in patients with CTD-related SRP.
Normal peripheral nerve function, together with revealed autonomic nervous system impairment, suggests the central origin of SRP in the course of CTD.
